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Abstract 


We investigated the formation of LiMn,O, phases by calcinating a stoichiometric mixture of Li, CO; and various manganese compounds with 
high temperature X-ray diffraction (HT-XRD) technique to understand the influence of starting materials on the electrochemical performance. XRD 
measurements were carried out during heating processes from room temperature to 700 °C. In case of Li, CO;/electrolytic manganese dioxide and 
LizCO3/MnCO; mixtures used as starting materials, Lio. 33MnO>» phase and low crystalline phase, respectively, appeared as intermediate products 
during heating process followed by the crystallization into the spinel. HT-XRD observation confirmed that the LiMn Oy, phase was directly formed 
from starting LizCO3/Mn,03 and Li.CO3/Mn3O, mixtures. The reactivity of the mixture, meant by the lower reaction temperature between Li 
and Mn compounds and the faster evolution of Li—Mn-O phase, depended on manganese compounds. The purity and stoichiometry of spinel type 
LiMn:0; was not achieved only by the higher reactivity. From these results, the dependence of reversible capacities and cycleability of synthesized 


LiMn,Oxs on the formation process which varied with the starting materials was discussed. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


As the most promising cathode materials for Li ion batteries, 
many research works on Li-Mn—O compounds such as spinel 
type LiMn2O,4 were reported in the past decade. The stoichio- 
metric and non-stoichiometric spinel can be obtained over a wide 
compositional range including the Li-rich spinel and oxygen- 
rich or -deficient spinel [1—4]. Up to now the syntheses of the 
spinels are achieved by various methods such as solid-state 
reaction [1-13], melt-impregnation [14,15], emulsion drying 
[16,17], sol-gel [18,19], and so on. 

Among these synthetic methods, solid-state reaction is com- 
monly used for manufacturing cathodic oxide materials for 
Li-ion batteries. In case of solid-state reaction, physical and 
electrochemical performances of synthesized spinels depend on 
the different synthetic conditions, however, the relation between 
the synthetic conditions including starting material and electro- 
chemical properties was not completely understood in previous 
literatures to our knowledge [7,8,11-13]. The stoichiometry, 
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crystallinity, particle size/shape, and surface condition of the 
spinel were influenced by the selection of starting lithium and 
manganese compounds even if the same heating conditions. 
Therefore, we here study the crystallization process of Li-Mn—O 
spinel from several starting mixtures by measuring diffraction 
patterns in situ at high temperature, and we discussed the relation 
between the crystallization process, the resultant crystallinity 
and electrochemical properties of the spinel cathode. 


2. Experimental 


LiMn204s were prepared from a mixture of reagent grade 
Li> CO; and various Mn sources such as electrolytic manganese 
dioxides (EMD, IC-17), MnCO3, Mn203 or Mn3Q,. Induc- 
tively coupled plasma atomic emission spectrometry (Hitachi 
P-4010, Japan) was used to determine the exact Mn and Li 
contents of these sources prior to use, and a stoichiometric 
mixture (Li/Mn atomic ratio= 1/2) was ground with planetary 
ball-milling. LiMn2O,4s were synthesized by calcinations of 
these mixtures at 700°C for 12h in air at 1 °C min~!. High tem- 
perature X-ray diffraction (HT-XRD, MultiFlex, SHT-1500 and 
PTC-30, Rigaku Co. Ltd., Japan) was employed for observation 
of synthesis process at given temperature. XRD data were col- 
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lected at 25 °C and during heating steps from 100 to 700 °C every 
50°C. After reaching the given temperature by sweeping tem- 
perature at 1 °C min™!, it was held at each temperature for 5 min 
prior to data collection, and then the XRD data were collected for 
50 min in the region of 10—90° in 26. Thermogravimetric analy- 
sis (TG, DTG-60, Shimadzu Co. Ltd., Japan) was performed on 
the starting materials of LizCO3 and MnCO3, Mn203, Mn303 or 
EMD. These mixtures were placed in Pt crucibles, heated in air 
up to 700°C at a rate of 1 °C min™!. For electrochemical mea- 
surements, positive electrode mixtures consisted of LiMn2Oa, 
acetylene black as conductive agent and poly(vinylidene fluo- 
ride) as a binder, in a weight ratio of 8:1:1. A lithium foil was 
used for counter electrode. A battery grade electrolyte used was 
1 mol dm”? LiPF,-ethylene carbonate (EC):dimethy] carbonate 
(DMC) (1:1, v/v). Charge—discharge tests as a positive elec- 
trode were carried out between 3.0 and 4.5 V versus Li/Li* at 
20 mA g7! and 25°C. 


3. Results and discussion 


Fig. 1(A) shows XRD patterns of synthesized samples from 
several manganese sources under the same calcination con- 
ditions. All peaks in the XRD patterns of the synthesized 
samples can be indexed as the spinel phase (JCPDS: 35-0782). 
Because of no diffraction peaks of impurity phases, therefore, 
we successfully obtained single-phase products of LiMn204 
by calcinations at 700°C from LizCO3 and several manganese 
sources. The lattice parameters of a-axis of these cubic spinels 
are between 8.239 and 8.248 A which would correspond to that 
of stoichiometric spinel. 

Fig. 1(B) indicates magnified patterns from 20 = 80-82“. The 
peak around 26 = 81° corresponds to (4 4 4) diffraction line of the 
spinel. In these XRD patterns, peak splitting due to Cu Kal and 
Ka? radiation was distinguishable for LiMn204s synthesized 
from Mn203 and MnCO3. But in case of EMD and Mn3Q,, 
the corresponding peaks are not split clearly due to broadened 
diffraction peaks. That is, the spinels crystallized from Mn203 
and MnCO3 have higher crystallinity than those from EMD 
and Mn30, even under the same calcination conditions. It is 
clear that the difference of manganese compounds used as start- 
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Fig. 1. XRD patterns of various synthesized spinels from LizCO3 and different 
manganese sources: (a) MnCO3, (b) Mn203, (c) Mn3Oa, and (d) EMD. Diffrac- 
tion angle ranges are (A) 10—90° and (B) 80-82" in 20. Y: Spinel LiMn2Oq. 
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Fig. 2. (A) First charge—discharge curves of four spinels synthesized from (a) 
MnCOs, (b) Mn203, (c) Mn30;4, and (d) EMD. (B) Discharge capacity vs. 
cycle number plots of LiMn204s by various manganese sources: (@) Mn203, 
(A) Mn303, (¥) EMD, (HI) MnCO3 as starting materials. 


ing materials influenced the reactivity with lithium carbonate, 
resulting in the different crystallinity of spinels. 

The first charge—discharge curves of spinels from various 
manganese sources and variation in discharge capacities of these 
spinels are shown in Fig. 2. In Fig. 2(A), two plateaus which 
originated from stoichiometric LiMn204 are observed in charge 
and discharge curves around 4 V. In case of Mn203 and MnCO3, 
reversible capacities are 120-130 mAh g7! similarly to previous 
literature [1,3,14,15]. However, the spinels prepared from EMD 
and Mn3Qy have reversible capacities of about 100 mAh g7!. 
Their reversible capacities are lower in comparison with those 
from Mn203 and MnCOs, additionally, tiny plateaus around 
3.2 V are observed owing to the slight oxygen deficiency of 
spinel as reported previously [3,5]. The oxygen-deficiency of 
spinels can be avoided by calcinating in oxidizing atmosphere. 
In Fig. 2(B), the spinels prepared from Mn203 and MnCO3 
maintained relatively high discharge capacities during 50 cycles. 
Compared with these capacities, the discharge capacities for 
EMD and Mn304 were obviously fading and lower. Accord- 
ing to previous reports [11—13], it is likely that the reactions of 
these starting mixtures cause oxygen deficiency due to lower 
oxygen activity. As mentioned in Fig. 1, the lower crystallinity 
spinels were obtained from Mn304 and EMD, further, they 
have oxygen deficiency as seen in Fig. 2. The electrochemical 
performance was affected by the crystallinity and oxygen stoi- 
chiometry resulting from different starting materials. That is, the 
electrochemical performances depended on the reactivity of four 
Mn compounds with Li2CO3 that should influence the resultant 
spinels. In general, the reactivity is improved by higher temper- 
ature and/or prolonged calcination time and so on. In order to 
examine the different reactivity, we did investigate the forma- 
tion processes from starting mixture to spinels under the same 
heating conditions with HT-XRD. 

Figs. 3—6 show HT-XRD patterns of the starting lithium and 
manganese mixtures of MnCO3, Mn203, Mn304 and EMD, 
respectively, during heating up to 700°C. For MnCO3 as man- 
ganese source, the diffraction peaks of the starting materials did 
not change up to 200°C at all, and then this mixture under- 
went decomposition reaction to form low crystalline phase at 
higher temperature around 300 °C. Also TG curve of the mixture 
showed that the weight loss corresponds to the decomposi- 
tion reaction. From around 350°C, broad spinel peaks began 
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Fig. 3. HT-XRD patterns (right) and TG curve (left) of Li” CO; and MnCO3 as 
starting materials. V: Spinel, |: Pt holder. 


to appear, and the peaks became sharp about 350-700 °C. The 
mass of this mixture was almost constant in the temperature 
range. It is suggested that crystal growth of single LiMn204 
phase progressed during heating. 

HT-XRD patterns obtained with Mn203 are shown in Fig. 4. 
When Mn20;3 is used as a manganese source, the phase evolu- 
tion during calcinations differs from that of MnCO3. The initial 
diffraction peaks of the mixture of LizgCO3 and Mn203 are 
observed with maintenance of their sharpness up to 350°C, and 
diffraction intensity of LiMn204 become gradually higher up 
to 700°C, simultaneously, intensity of Mn203 peaks decreased 
while maintaining the similar narrow peak width of not only 
Mn203 but LiMn204. When the temperature reached at 700°C, 
the small peaks of Mn203 around 33° in 26 still remained though 
the main phase was LiMn204. The Mn203 completely dis- 
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Fig. 4. HT-XRD patterns (right) and TG curve (left) of Li, CO; and Mn203 as 
starting material. Y: Spinel. 
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Fig. 5. HT-XRD patterns (right) and TG curve (left) of Li CO; and Mn304 as 
starting material. V: Spinel. 


appeared during annealing for 12h at 700°C. From TG and 
HT-XRD, the formation of LiMn20; took place at temperature 
range from about 300 to 500 °C. It shows that the weight loss of 
decomposition reaction of LizCO3 at temperature from 300 to 
380°C, and mass increase involved oxidation of Mn compound 
between 380 and 450°C. We found that the reaction between 
Li, CO; and Mn203 led to gradual formation of LiMn2O, but 
direct formation because of no intermediate phases. From these 
results, it seems that the formation of LiMn O, occurred with 
lithium penetration into Mn203, so that particle size of LiMn204 
was similar to that of Mn2O3 as confirmed by SEM. The temper- 
ature where the peaks of starting material begin to be weakened 
is higher than that of MnCO3. This means that the reactivity of 
Li? CO} and Mn20;3 is lower than that of LigCO3 and MnCO3. 
Fig. 5 shows HT-XRD patterns obtained from a mixture of 
Li, CO; and Mn304. HT-XRD patterns exhibit reacting Mn304 
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Fig. 6. HT-XRD patterns (right) and TG curve (left) of Li, CO; and EMD as 
starting material. ¥: Spinel, @: Lio.33MnOz. 
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Fig. 7. Phase evolutions from each starting material to LiMn204 vs. temperature 
during heating process. 


with LizCO3 from low temperature of 250°C. The mixture 
was transformed into LiMn 20, between 250 and 650°C, then 
Mn30;4 peaks disappeared in the patterns, and LiMn2Oy single 
phase appeared at 650°C and higher temperature. It is found 
that Mn304 with Li salt reacts via no intermediate products to 
produce LiMn2Oy, directly similarly to that of Mn203. More- 
over the weight of starting material gradually decreased up to 
380°C and then the mass slightly increased in TG curve. The 
trend is similar to the case of Mn203. Up to 380°C, weight loss 
of decomposition reaction of LizCO3 and mass increase for oxi- 
dation of Mn after 380°C. The reaction between Li, CO; and 
Mn30, begins at lower temperature of 250°C than the temper- 
ature from Mn2O3, 350°C (Fig. 4). From these results, Mn304 
possesses higher reactivity with LigCO3 than that of Mn203, 
though the crystallinity of LiMn2O4 from Mn304 was lower 
than that of Mn203. 

In case of EMD as shown in Fig. 6, diffraction peaks of 
starting materials hardly changed until 200°C, followed by the 
formation of Lig,33MnO2 [20-22] as an intermediate phase from 
250°C, suggesting the highest reactivity with LiyCO3 among 
four Mn compounds. Between 350 and 500°C two phases of 
Lio.33MnO2 and LiMn2Oy4 are coexisted. A Lig.33MnOz phase 
was observed only for EMD. At >550°C, LiMn 20, single 
phase appeared, and the diffraction peaks of the spinel are 
gradually intensified with elevating temperature. Consequently, 
lithium carbonate reacted with EMD producing Lio.33MnO2 
above 250°C thereafter LiMn2O,4 at higher temperature than 
550°C. It seems that this mixture gradually decreased in mass 
value from TG curve. Up to about 200°C, weight loss is proba- 
bly due to release of adsorbed water in EMD and it was followed 
by the decomposition reaction of LizCO3 after 200 °C. We com- 
pared the HT-XRD for powder and pellet of a mixture of LizCO3 
and Mn203. As a result, pellet was suitable to accelerate the 
crystallization of LiMn2O, because intimate contact between 
LizCO3 and Mn203 in pellet is adequate for solid-state reaction. 

Fig. 7 summarizes the phase evolutions from each starting 
material to LiMn2O,4 versus temperature during heating. Note 
that the reaction temperature and intermediate phase formation 
during heating processes depended on the starting materials. 


In case of EMD, high reactivity was achieved because reac- 
tion occurred at the lowest temperature among them; however, 
oxygen deficiency spinel was formed via intermediate phase. 
Also, the similar oxygen deficiency was observed in case of 
Mn304. Although reactivity is high for LigCO3/EMD and 
Li2CO3/Mn3 0s, the electrochemical performances were not sat- 
isfactory because of lower crystalline and non-stoichiometry. 
On the other hand, the Mn203 showed low reactivity, but 
we obtained high crystallinity and stoichiometric spinel phase 
demonstrating the sufficient battery performance. From the 
above observation, we concluded that the electrochemical char- 
acteristics were influenced by not only reactivity of starting 
materials but crystallization process that determine crystallinity 
and stoichiometry. Direct spinel formation and higher reactivity 
are not always beneficial to solid-state reaction to from spinel 
type LiMn203. That is, synthesis of composite oxides, such as 
LiMn204, LiNiy2Mn1/202, and so on, required understanding 
the calcination condition and its formation process to obtain their 
original electrochemical ability experimentally. 


4. Conclusion 


The spinel type LiMnz O4s synthesized from LizCO3 and var- 
ious manganese materials with calcination conditions at 700°C 
for 12h were single-phase products. Their crystallization pro- 
cess was observed in situ by means of HT-XRD. In spite of the 
similar final spinel, the crystallization route was dependent on 
the starting materials. It was found that not only the reactiv- 
ity but also the intermediate reaction route important to obtain 
highly crystalline and stoichiometric LiMn2O4. The LiMn204 
synthesized from Mn203 and MnCO3 had higher crystallinity 
and the deficiency free resulting in the sufficient electrochemical 
performance compared to the other manganese sources. 
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